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The helC gene encodes a putative DEAD-box RNA helicase
required for development in Dictyostelium discoideum
Laura M. Machesky*†, Robert H. Insall*‡ and Robert R. Kay§
DEAD-box RNA helicases, defined by the sequence
Asp–Glu–Ala–Asp (DEAD, in single-letter amino-acid
code), regulate RNA unwinding and secondary structure in
an ATP-dependent manner in vitro [1] and control mRNA
stability and protein translation. Both yeast and mammals
have large families of DEAD-box proteins, many of
unknown function. We have disrupted a Dictyostelium
discoideum gene, helC, which encodes helicase C, a
member of the DEAD-box family of RNA helicases that
shows strong homology to the product of the essential
Saccharomyces cerevisiae gene dbp5 [2] and to related
helicases in mouse and Schizosaccharomyces pombe.
The HelC protein also shows weaker homology to the
translation initiation factor eIF-4a. Other DEAD-box-
containing proteins, which are less closely related to HelC,
have been implicated in developmental roles in
Drosophila [3] and Xenopus laevis; one example is the
Xenopus Vasa-like protein (XVLP) [4–6]. In Drosophila
and Xenopus, Vasa and XVLP, respectively, are required
for the establishment of tissue polarity during
development. In yeast, DEAD-box helicases such as Prp8
[7] are components of the spliceosome and connect pre-
mRNA splicing with the cell cycle. Disruption of the helC
gene in D. discoideum led to developmental asynchrony,
failure to differentiate and aberrant morphogenesis. We
postulate that one reason for the existence of large
families of homologous DEAD-box proteins in yeast,
mammals and Dictyostelium could be that some DEAD-
box proteins have developmentally specific roles
regulating protein translation or mRNA stability.
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Results and discussion
D. discoideum cells with a disruption in the helC gene (helC–
cells) were identified from a restriction-enzyme-mediated
insertional mutagenesis (REMI) screen [8] as mutants that
did not aggregate on bacterial lawns but formed a few
minute fruiting bodies. The DNA around the insertion was
partially sequenced and used to obtain a cDNA containing
a 1.5 kb open reading frame (Figure 1; see also Figure S1 in
the Supplementary material). A genomic Southern blot
showed that the cDNA hybridized to a larger band in the
mutant strain (because the gene had been disrupted by the
4.88 kb plasmid; see Figure S2a in the Supplementary
material) than in the DH1 parent strain or in a control
REMI mutant containing a different insertion.
To eliminate the possibility that a partial transcript was
responsible for the phenotype of the REMI mutants, we
also made a disruption at a new site closer to the 5′ end of
the helC coding sequence. We disrupted helC at a SexA1
restriction enzyme site (Figure 1a) with the plasmid
pRHI115 [9]. This null mutant was confirmed by South-
ern blotting (Figure S2b). The null mutant showed similar
behavior to the original REMI mutant on bacterial lawns
and on agar (data not shown) and was used in all subse-
quent experiments. Transformation of the helC– null cells
with a plasmid containing helC driven by the actin-15 pro-
moter completely rescued the developmental phenotype
of the helC– cells (data not shown).
HelC is a classic DEAD-box protein and contains seven
motifs common to DEAD-box helicases (Figure S1).
Alignment of HelC to its four closest relatives is shown in
Figure 1b. HelC (Genbank accession number AF002677)
shows 47% amino-acid sequence identity to S. cerevisiae
Dbp5p (Genbank U28135), 49% identity to the mouse
Dbp5p homolog MusHelATP1 (Genbank L25125) and
45% identity to the S. pombe Dbp5p homolog Helc12c2
(Genbank Q09747). The next closest relative of HelC is
eIF-4a from rice, which shows 30% identity.
A northern blot of polyA+ mRNA from the DH1 strain
probed with the helC cDNA revealed a single band of
2.0 kb. This band was present in mRNA prepared from
DH1 during vegetative growth and throughout develop-
ment but was absent in mRNA from helC– mutants (see
Figure S3 in the Supplementary material).
The defect in the helC– mutant appeared to be specifically
in development, as the growth rate of the mutant was
normal and cells did not tend to become multinucleate
(data not shown). The mutant progressed very slowly
through early development and became asynchronous.
Figure 2 shows a developmental time course of helC– cells
developing on agar compared with the parent strain
(DH1). By 10 hours, helC– cells were still streaming into
mounds (Figure 2a), whereas DH1 cells had completed
streaming and aggregated into loose mounds (Figure 2b).
At 12 hours, the helC– mutants were largely still streaming
and forming loose mounds (Figure 2c), whereas the DH1
cells were forming tight mounds (Figure 2d). By 16 hours
of development, helC– cells had formed loose mounds
(Figure 2e), and the DH1 cells had formed tips and were
beginning to elongate into first fingers (Figure 2f). The
mounds of helC– cells did not tighten, but formed small,
usually multiple, tips (Figure 2g, 20 hours) whereas at the
same stage, DH1 cells were forming migrating slugs. By
33 hours, DH1 cells had finished culmination, but the
helC– mutant was completely asynchronous. Eventually (at
48 hours) helC– cells formed a few culminants, but only
about 1% of the cells differentiated into spores as mea-
sured by detergent resistance (data not shown).
Comparative northern blots of total RNA from the DH1
parent (wild type) and helC– cells were carried out over a
24 hour developmental life-cycle time course (Figure 3).
The early aggregation marker CP2 [10] was expressed at
about 30% of wild-type levels in helC– mutants and its
maximal expression was delayed by about 4 hours. Pre-
stalk marker ecmA [11] was not detected at all, and prestalk
marker ecmB [11] was present at about 15% of wild-type
levels, though the timing of its induction was nearly
normal. D19, a prespore marker [12], was expressed at
about 30% of wild-type levels, again with a later onset of
expression than seen in DH1 cells.
608 Current Biology, Vol 8 No 10
Figure 2
Development of helC– mutant cells is asynchronous and slow.
(a,c,e,g,i) The helC– strain or (b,d,f,h,j) the DH1 parent strain were
grown on bacterial lawns and harvested prior to the onset of
development. After washing in KK2 buffer, cells were plated on KK2 agar
plates to induce development. Photographs were taken at 2 h intervals.
These are the same cells used for RNA isolation shown in Figure 3;
(a,b) at 10 h after plating, (c,d) 12 h after plating, (e,f) 16 h after plating,
(g,h) 20 h after plating, (i,j) 33 h after plating. (a–f,j) Images were taken at
20 × magnification, scale bar in (a) is 0.65 mm. (g,h) Images were taken
at 25 × magnification, scale bar in (g) is 0.52 mm. (i) Image was taken at
at 80 × magnification, scale bar is 0.16 mm.
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Figure 1
(a) The helC disruption mutation, showing the SpeI restriction enzyme
sites in the genomic DNA that flank the inserted pRHI30 vector and the
SexA1 site used to make the null mutant. The helC cDNA was cloned
from a λgt11 Dictyostelium cDNA library (kind gift of Peter Devreotes). A
restriction fragment (HpaI–ClaI) containing the inserted genomic DNA
from pRHelC was random-prime labelled with α-[32P]dATP and used as
a probe. (b) The HelC protein aligned with the four DEAD-box helicases
that are most highly related to it. Boxes represent the regions containing
related sequences, and identical amino-acid residues are shaded. Black
shading indicates residues that are identical in all five sequences shown,
whereas red shading indicates residues that are identical in four out of
the five sequences. The numbering indicates amino-acid residues.
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The phenotype of the helC– mutant shows that the product
of helC is not essential for growth and suggests that it is
required for timing and efficiency of development. Most
cells eventually dropped out of the developmental program
and major markers for differentiation were only weakly
expressed. It is possible that some developmental mRNAs
require HelC for their stability or that there might be a lim-
iting step in early development that requires HelC function.
The helC– mutant produced a few stalk cells in monolayer
cultures in the presence of differentiation-inducing factor
1 (DIF-1) and cAMP, but most of the cells detached and
died during the assay [13,14]. The mutants also did not
make any detectable spores in the presence of 8-bromo-
cAMP, a non-hydrolyzable analog of cAMP that induces
spore differentiation in wild-type cells (data not shown).
These assays show that helC– cells do not fail to differenti-
ate because of a lack of the proper chemical signals, but
rather because they are unable to respond to signals that
normally induce differentiation.
To follow the fate of mutant cells when mixed with wild-
type cells, a derivative of the helC– mutant was used that
expresses green fluorescent protein (GFP) constitutively
[15]. We mixed GFP–helC– cells in a 1:1 ratio with the
parent DH1 unlabelled cells. GFP–helC– cells co-aggre-
gated with the wild-type cells (data not shown), but at
later stages of development they localized near the base of
wild-type (unlabelled) cell aggregates (Figure 4). The flu-
orescent mutant cells at the base did not vacuolate to
become stalk cells and were largely excluded from the
stalk itself. A few cells sorted to the lower cup of the stalk
(Figure 4c). GFP-labelled DH1 cells sorted and differenti-
ated normally (data not shown). Contact with wild-type
cells thus cannot induce differentiation of helC– cells,
showing that the defect is cell-autonomous and is not due
to aberrant morphogenesis.
More studies will be required to determine whether some
messages are affected specifically by the loss of HelC. We
showed by western blotting that helC– mutants expressed
nearly wild-type levels of the cAMP receptor cAR-1 at the
initial stages of development (data not shown), so the
initial defect in helC– cells must lie somewhere between
expression of cAR-1 and the accumulation of the message
for the aggregation marker CP2. We cannot rule out the
possibility that Dictyostelium contains at least one homolog
of HelC with overlapping function and that the develop-
mental requirement for HelC is due to a decrease in vege-
tatively expressed homolog(s).
DEAD-box proteins form large families in higher organ-
isms such as mice and humans. Despite clues about their
function from in vitro studies — for example, they may be
involved in RNA binding and unwinding — we know
very little about their role in the animal. Here, we have
provided evidence that a DEAD-box protein related to S.
cerevisiae Dbp5p is required for normal differentiation and
development in D. discoideum. S. cerevisiae Dbp5p is
required for export of polyA+ mRNA from the nucleus
[2]. Although the homology of HelC to Dbp5p is high,
attempts to complement a null mutant of the S. cerevisiae
dbp5 with helC did not succeed (Tien-Hsien Cheng,
unpublished observations). This might indicate funda-
mental differences between yeast and Dictyostelium,
which were not unexpected given the developmental
complexity of Dictyostelium. Our study suggests that
DEAD-box proteins could play roles in developmental
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Figure 3
The helC mutant expresses markers for
differentiation only weakly during
development. Numbers above each lane
indicate the time (h) the cells developed on
KK2 agar before they were harvested and total
RNA was isolated. DH1, the parent strain, is
on the left, and the helC– mutant is on the
right. Equal concentrations of RNA, measured
by optical density at 260 nm, were loaded for
each sample. Differentiation marker cDNAs
were used to probe northern blots of total
RNA as follows: CP2, early aggregation;
ecmA, prestalk A cells; ecmB, prestalk B
cells; D19, prespore cells.
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mRNA stability or expression. Further studies of helC and
the other DEAD-box-encoding genes of Dictyostelium [16]
provide an ideal opportunity for understanding this large
family of proteins.
Materials and methods
Cell culture and development
The uracil auxotrophic D. discoideum strain DH1 [17], derived mutants
and transformants were grown at 22°C either in FM medium [18] or in
association with the bacterium Klebsiella aerogenes. For developmen-
tal time courses, cells were harvested from bacterial plates, washed
three times in KK2 buffer (16.5 mM KH2PO4, 3.8 mM K2HPO4, 2 mM
MgCl2) and plated onto 1.8% KK2 agar.
REMI mutagenesis
REMI mutagenesis [8] was carried out in modified form as described
[17]. To repeat the helC REMI disruption by homologous recombination,
pRHELC was cut with SpeI, electroporated into DH1 D. discoideum
cells and selected on defined ura– medium. Surviving cells were plated
onto K. aerogenes and the mutant phenotype was re-created in nearly all
of the colonies. The mutant recapitulation strain HM1012, which has an
identical developmental phenotype to the REMI mutant HM444, was
clonally isolated and used in subsequent experiments.
Disruption of helC by homologous recombination and rescue
by overexpression
The full-length cDNA helC.6 was cut at a SexA1 site (572 bp into the
open reading frame, Figure 1a), then a BamHI site was generated by
ligating phosphorylated linkers (NEB) to the linear fragment. A pyr5-6
marker gene fragment (ura∆G [9]) was then ligated into the BamHI site
to give the ‘knockout’ construct pRHI114. The pRHI114 DNA (25 µg)
was linearised with EcoRI, then electroporated into DH1 (ura–) cells
using standard methods [17]; ura+ transformants were selected in FM
medium, cloned on K. aerogenes, and recombinants containing a dis-
ruption at the former SexA1 site were identified by PCR and Southern
blotting. For rescue of the null cells by the cDNA, the helC cDNA
helC.6 was cloned into pRHI8 expression vector [9] and electropo-
rated into helC– disruptants. Transformants were selected by G418
resistance and the phenotype was observed by development on SM
agar plates in association with K. aerogenes.
Supplementary material
Additional methodological detail and three figures showing the helC
sequence and Southern and northern blots of helC are published with
this paper on the internet.
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Figure 4
The helC mutant cells are largely excluded from developmental
structures in mixtures with wild-type cells. The helC mutant cells were
transformed with the expression vector pA15-GFP [15], containing the
cDNA encoding GFP driven by the actin-15 constitutive promoter. These
cells were mixed with the parent (DH1) strain. At various stages of
development on KK2 agar, cells were photographed under both phase
and fluorescence microscopes to determine the distribution of GFP-
expressing (mutant) cells in the developmental structures.
(a) Tipped mound (b) First finger (c) Culminant
Current Biology
The helC gene encodes a putative DEAD-box RNA helicase
required for development in Dictyostelium discoideum
Laura M. Machesky, Robert H. Insall and Robert R. Kay
Current Biology 27 April 1998, 8:607–610
S1
Materials and methods
Molecular biology
All methods were carried out according to standard molecular biology
protocols [S1] unless otherwise described. All chemicals were of
reagent grade and were from Sigma–Aldrich unless stated otherwise.
Uracil and G418 were from Gibco–BRL. The helC cDNA was cloned
from a λgt11 Dictyostelium cDNA library (kind gift of Peter Devreotes).
A restriction fragment (HpaI–ClaI) containing the inserted genomic
DNA from pRHelC was random-prime labelled with α-[32P]dATP and
used as a probe. Sequencing was carried out using a combination of
exonuclease deletions [S2] and primer walking. The program BLAST
was used for sequence searching and MACAW [S3–S5] was used for
the sequence alignment shown in Figure 1b.
Southern and northern blotting
For Southern blots, genomic DNA was isolated from wild-type (DH1)
and mutant (helC–) cells and 20 µg was digested with appropriate
restriction enzymes. After electrophoresis on a 1% agarose gel, the
digested DNA was transferred to Hybond N+ membrane (Amersham)
and probed using standard methods. For northern blots, total cellular
RNA was isolated from frozen pellets of 1 × 108 cells as described
[S6]. All northern gels and blots were standardized by loading equal
amounts of RNA based on the optical density at 260 nm of the
samples. Northern blots were probed with the full-length helC cDNA.
Monolayer spore and stalk cell induction
To induce stalk cell differentiation, wild-type (DH1) and mutant cells
were grown on K. aerogenes bacterial plates, washed in KK2 buffer
and plated at various densities into tissue culture plates (Falcon). Stalk
medium (10 mM MES, 2 mM NaCl, 10 mM KCl, 1 mM CaCl2) supple-
mented with cAMP (up to 5 mM) and DIF-1 (100 nM) was used for cell
development. Plates were incubated at 22°C for 48 h and stalk cells
were counted using phase contrast microscopy as described [S7].
Spore formation was induced in a similar manner, using spore medium
(10 mM MES pH 6.2, 20 mM KCl, 20 mM NaCl, 1 mM CaCl2, 1 mM
MgCl2, 200 µg/ml streptomycin sulfate, 10 µg/ml tetracycline) plus
10 mM 8-Br-cAMP pH 6.5 and incubating for 36 or 48 h. Spores were
counted as refractile condensed oval-shaped cells. Spore viability was
measured by dissolving the contents of each dish (after counting) in
0.3% cemulsol detergent and plating resistant spores on a lawn of K.
aerogenes bacteria.
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S2 Supplementary material
Figure S1
The cDNA sequence of helC and its
predicted protein sequence. The disruption
site (DpnII) created in the original REMI
mutant is shown in bold lettering. The
conserved DEAD-box family motifs are
numbered 1–8, with motif 1 attributed to ATP
binding, 4 and 5 attributed to ATP hydrolysis
and RNA unwinding and 7 attributed to ATP
hydrolysis and RNA binding [1]. 
tccgaaataaataaataaataaataaa atg tca gaa aaa gaa aca aat aca aca   54
                             M   S   E   K   E   T   N   T   T     9
tca aca gaa aat aaa gaa aaa gaa aaa caa gaa caa act aat aca aat  102
 S   T   E   N   K   E   K   E   K   Q   E   Q   T   N   T   N    25
tca aca aca gaa tca aca aat aat caa gtt gat gaa gaa tat gaa aga  150
 S   T   T   E   S   T   N   N   Q   V   D   E   E   Y   E   R    41
cca gga aga tca gaa ggt tta gat gaa ttt gaa ttc caa tta gat att  198
 P   G   R   S   E   G   L   D   E   F   E   F   Q   L   D   I    57
caa caa tct gat cca aat tca cca tta tat tca tgg aaa aca ttt gaa  246
 Q   Q   S   D   P   N   S   P   L   Y   S   W   K   T   F   E    73
gaa tta gga tta aaa cca gag tta tta aag ggt gtt tat gca atg ggt  294
 E   L   G   L   K   P   E   L   L   K   G   V   Y   A   M   G    89
tat aat aaa cca tct aaa att caa gaa gcg aca tta cca att att att  342
 Y   N   K   P   S   K   I   Q   E   A   T   L   P   I   I   I   105
caa tca cca aat aat tta att gca caa tca caa tca ggt act ggt aaa  390
 Q   S   P   N   N   L   I   A   Q   S   Q   S   G   T   G   K   121
act gct gca ttc aca ttg ggt atg tta aat tgt gtt gat cca tca atc  438
 T 1 A   A   F   T   L   G   M   L   N   C   V   D   P   S   I   137
aat gca cca caa gca att tgt att agt cca acc aaa gaa tta gca tta  486
 N   A   P   Q   A   I   C   I   S   P   T   K   E   L   A 2 L   153
caa act ttt gaa gtt atc tca aag att ggt caa ttt tca aat att aaa  534
 Q   T   F   E   V   I   S   K   I   G   Q   F   S   N   I   K   169
cca tta tta tat ata tca gag att gaa gta cca aaa aat gtt aca aat  582
 P   L   L   Y   I   S   E   I   E   V   P   K   N   V   T   N   185
caa gtt att att ggt aca cca ggt aaa att tta gaa aat gta ata aaa  630
 Q   V   I   I   G   T   P   G   K 4 I   L   E   N   V   I   K   201
aaa caa tta tca gtt aaa ttt tta aag atg gta gta ttg gac gaa gca  678
 K   Q   L   S   V   K   F   L   K   M   V   V   L   D   E   A   217
gat ttt att gta aag atg aag aat gta cca aat caa att gca atg att  726
 D 5 F   I   V   K   M   K   N   V   P   N   Q   I   A   M   I   233
aat aga tta tta cca agc aat gta aag gtt tgt tta ttc tct gca aca  774
 N   R   L   L   P   S   N   V   K   V   C   L   F   S   A   T 6 249
ttt agt atg gga gtt gag gaa tta att aaa aag atc gtt caa gat cca  822
 F   S   M   G   V   E   E   L   I   K   K   I   V   Q   D   P   265
tat aca agt ata aga tta aaa aga caa gag tta tct gtt gaa aag att  870
 Y   T   S   I   R   L   K   R   Q   E   L   S   V   E   K   I   281
cat caa tat ttt ata gat tgt ggt agt gaa gat aat aaa gca ttg att  918
 H   Q   Y   F   I   D   C   G   S   E   D   N   K   A   L   I   297
cta tca gac atc tat ggt ttc ata tca gtt ggt cag tca att gta ttc  966
 L   S   D   I   Y   G   F   I   S   V   G   Q   S   I   V   F   313
gta cat aca att gca act gca aaa tcg gta cac caa aaa atg gtt gat 1014
 V   H   T   I   A   T   A   K   S   V   H   Q   K   M   V   D   329
gaa ggt cat tca gtt tca tta ctc tat ggt aaa gat tta aca aca gag 1062
 E   G   H   S   V   S   L   L   Y   G   K   D   L   T   T   E   345
gaa cgt ttt aaa caa att aaa gat ttc aaa gat ggt aaa tca aaa gta 1110
 E   R   F   K   Q   I   K   D   F   K   D   G   K   S   K   V   361
ttg ata aca aca aat gtt tta gct aga ggt att gat att cca caa gtt 1158
 L   I   T   T   N   V   L   A   R   G   I   D 7 I   P   Q   V   377
tca ttg gtg atc aat tat gat gta cca ttg gat gaa atg ggt aaa cct 1206
 S   L   V   I   N   Y   D   V   P   L   D   E   M   G   K   P   393
gac cca gtt cat tat ctt cat cgt att ggt aga gtt ggt aga ttc ggt 1254
 D   P   V   H   Y   L   H   R   I   G   R   V   G   R 8 F   G   409
cgt tct ggt gtt gct ctt agt ttt gtt tat gat caa caa tca aca aat 1302
 R   S   G   V   A   L   S   F   V   Y   D   Q   Q   S   T   N   425
aaa tta atg aat att tca ccc atc ttg gtg tac ctt taaaagaattaaaat 1353
 K   L   M   N   I   S   P   I   L   V   Y   L                   437
cttctgaaattgaatctttagatggtatcttaaaaggtattagaaatcaattaacaccattaa 1416

ataattaaaaaaaaacataaataaacataaataataaataaatcaattataaaattggaattt 1479

aaaaataaaaaac                                                   1492
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Figure S2
Disruption and deletion Southern analysis. All
lanes show total genomic Dictyostelium DNA
digested with a restriction enzyme and probed
with the helC cDNA. (a) DNA digested with
BclI. Lane 1, disruption mutant helC–; lane 2,
DH1 parent strain; lane 3 REMI mutant mndJ
(not disrupted in helC). (b) DNA digested
with SpeI. Lane 1, helC null mutant clone A;
lane 2, helC null mutant clone B; lane 3, DH1
parent strain.
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Figure S3
Northern analysis of helC mRNA in the DH1
parent strain and helC– mutant at 0, 6 and
18 h of development. All lanes show polyA+
mRNA probed with the full-length helC cDNA.
On the left, DH1 mRNA is shown to contain
helC message at 0, 6 and 18 h of
development. The helC– mutants, on the right,
do not show any expression of helC message.
The faint bands near the top of the blot in the
0 h time point could be due to aberrant read-
through of helC message fused with the
pyr5-6 marker gene used in the disruption.
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